A novel microelectrode modification method is reported for neural electrode engineering with a flake nanostructure (nanoflake). The nanoflake-modified electrodes are fabricated by combining conventional lithography and electrochemical deposition to implement a microelectrode array (MEA) on a glass substrate. The unique geometrical properties of nanoflake sharp tips and valleys are studied by optical, electrochemical and electrical methods in order to verify the advantages of using nanoflakes for neural recording devices. The in vitro recording and stimulation of cultured hippocampal neurons are demonstrated on the nanoflake-modified MEA and the clear action potentials are observed due to the nanoflake impedance reduction effect.
Introduction
The microelectrode array (MEA) records electrical signals from biological cells and systems by providing an interfacial layer between a live cell and an electrical instrument in both implantable brain-machine interface systems [1, 2] and in vitro extracellular neural chips [3] [4] [5] [6] [7] [8] . In neural recording research, multiple micrometer-sized electrodes are required to support the high spatial resolution of neural networks and to improve the throughput of neural activity analyses. However, smaller active electrodes experience higher impedance and noise levels during signal recording processes. As a result, enhancing the signal-to-noise ratio (SNR) of a recording system by reducing the effective electrode-electrolyte interfacial impedance has become a critical issue [9, 10] .
Many studies have developed the excellent technology of enhancing the SNR of MEAs with the aid of microelectromechanical systems' (MEMS) technology in a 'structure modification approach' using a microprobe [11] , as well as a 'surface modification approach' using a conductive polymer, platinum black, TiN, 3 Authors to whom any correspondence should be addressed. carbon nanotube (CNT) and gold nanowire [12] [13] [14] [15] [16] [17] [18] [19] [20] . These electrode modification techniques have focused on improving the effective surface area of micrometer-sized electrodes and overcoming the SNR limit associated with the small dimensions of the devices.
Recently, electrochemical synthesis of metal nanoparticles and nanostructures has been intensively investigated. The working electrode in an electrochemical analysis has been modified using nanostructures to achieve a large active region surface area, and templates for surface-enhanced Raman spectroscopy (SERS) have been developed with the aid of metal nanostructures [21] [22] [23] . In particular, gold has been widely used to implement nanoparticles and nanostructures in various research fields due to its high conductivity, good chemical stability and excellent biocompatibility [24] . In an effort to achieve surface modification over a large surface area, a size-and position-controllable gold nanostructure was investigated in a previous study by the authors. The interesting shape of the sharp tips and valleys was obtained by controlling the ion concentration of the precursor solutions, the applied voltage and the growth time during the electrochemical synthesis process [25] . Gold had been used as an electrode material in previous research of the neural recording chip. Gross et al proposed the gold coating method of an indium tin oxide (ITO) electrode and achieved electrode impedance reduction [4] . Even though the gold-coated ITO electrode showed the optical advantage of high transparency, a simple deposition of thin gold film on the ITO caused the electrode to be no different than a pure gold electrode in terms of the electrical properties, and the impedance reduction effects were limited. Due to the roughened surface of this nanostructure in our previous study, however, the effective surface area was enlarged and direct synthesis of the nanostructure on targeted gold patterns provided physical stability to the nanostructure compared to that of dispersed nanostructures, which were synthesized in an aqueous solution. Given that these advantages of gold nanostructures can enhance the electrical performance for neural signaling as well as their reliability in long-term biological experiments, it is worthwhile to adopt the use of gold nanostructures in the MEA surface modification methods.
In this paper, a novel microelectrode modified with a flake nanostructure (nanoflake) is presented for neural electrode engineering. Gold nanoflakes were synthesized on the microelectrodes of a 60-channel MEA via self-aligned electrochemical deposition. The geometrical, electrochemical and electrical properties were characterized using scanning/transmission electron microscopy (SEM/TEM), cyclic voltammetry and impedance spectroscopy, respectively. From these fundamental studies, the proposed nanoflake-modified electrode show promising properties for neural recording devices. Finally, rat hippocampal neurons were cultured on the fabricated microelectrode array with the modified electrodes and extracellular recording and stimulation were successfully demonstrated.
Experiment

MEA fabrication
MEA fabrication consists of two steps: electrode patterning and insulation layer patterning. The first step of electrode patterning is the MEA layout design. To define the electrodes, pads and connection lines of the MEA in this work, a chrome mask was designed with the aid of a computer-aided design (CAD) tool (Cadence), as illustrated in figure 1(a) . As a starting substrate, gold film at a thickness of 200 nm was deposited onto a 4 inch glass wafer by sputtering after the deposition of a 20 nm thick Cr layer to improve the adhesion of the gold film to the glass. Following the formation of the chrome/gold layers, MEA patterns of the chrome mask were transferred to the gold using conventional lithography with a positive photoresist (AZ6612KE, Clariant). The photoresist patterns served as a mask for the subsequent wet etching process of chrome/gold layers. A 100:1 diluted KCN solution transferred the photoresist patterns to the gold layer. After the gold etching step, the remaining chrome layer was etched by a chrome etchant (CR-7). All photoresist patterns were then removed using a photoresist remover (AZ400T, Clariant) and electrode patterning. Thus, the first step in MEA fabrication was accomplished. In the second step, patterning of the insulation layer, silicon nitride (Si 3 N 4 ) film was deposited on the electrode-patterned substrate by the plasma-enhanced chemical vapor deposition (PECVD) method to electrically isolate the MEA gold electrodes. The active region (the designed working electrodes on the center of the MEA) and probing region (pads on the edge of the MEA), which are covered by the silicon nitride film, were opened by subsequent lithography and dry etching. The lithography method used here is identical to that described in the first step of MEA fabrication, and the dry etching of the silicon nitride was done by reactive ion etching (RIE).
Surface modification with electrodeposition
The MEA working electrodes were modified by the electrochemical deposition of flake-like gold nanostructures (nanoflakes). The gold nanoflakes were synthesized in an aqueous solution containing 25 mM HAuCl 4 (HAuCl 4 ·3H 2 O, Sigma Aldrich) and 20 g l −1 polyvinylpyrrolidone (PVP, K 30, Fluka) using a two-electrode system [23] . Prior to electrodeposition, the prepared MEA containing gold working electrodes was cleaned by acetone and deionized water (DIW). This MEA was employed as a working electrode. A cleaned graphite sheet served as the counter electrode. The applied potential was controlled using a triple-output DC power supply (Agilent, E3631A) for 60 min. After deposition, the MEA was rinsed sequentially with acetone and DIW to eliminate any physically absorbed impurities that may have remained. It was then dried with high-purity nitrogen before further measurements were taken.
Electrochemical measurement
Cyclic voltammetry measurements were performed with a CHI 600B electrochemical analyzer (CH Instruments, Inc.). All electrochemical experiments were carried out in 0.1 mM of K 4 Fe(CN) 6 and 0.1 M of KCl solution in a conventional three-electrode cell at room temperature. The fabricated and modified MEA with nanoflakes was used as the working electrode. The working electrode was connected to the analyzer using an electronic clip, which provided an electrical conduction path between the working electrode and the analyzer. Ag/AgCl was used as a reference and Pt wire was used as a counter electrode (CH Instruments, Inc.).
Electrical characterization
A polydimethylsiloxane (PDMS) well (1 cm in inner diameter) was attached to the working electrode region of the fabricated MEA and PBS 1× was poured into a PDMS well to submerge the electrodes.
An Ag/AgCl electrode was used as a reference electrode, and it was positioned in the PBS on the MEA. Each impedance value was achieved by averaging the measured impedances from 16 trials per electrode using an E4980A Precision LCR meter (Agilent). The input signal was 100 mV p−p sinusoidal waves and the frequency range was from 200 Hz to 100 kHz.
Cell culture
Hippocampal neurons extracted from E-18 Sprague-Dawley rat embryos were cultured on the MEA. The dissected hippocampus was kept in a water bath at 37
• C for 15 min with 0.25% trypsin. After rinsing the trypsin with Hank's balanced salt solution (HBSS), the hippocampus was triturated using a Pasteur pipette. The cell suspension was centrifuged for 3 min at 1000 rpm. The cell pellet was triturated again in Neurobasal media (Invitrogen, Gaithersburg, MD) that was supplemented with B-27 (Invitrogen, Gaithersburg, MD), 2 mM L-glutamine (Invitrogen, Gaithersburg, MD), 12.5 μM L-glutamic acid (Sigma Aldrich, St Louis, MO) and penicillin-streptomycin (Invitrogen, Gaithersburg, MD). The MEA was coated by soaking in 0.1 mg ml −1 poly-D-lysine (Sigma Aldrich) dissolved in borate buffer in advance. A sterilized PDMS well (1 cm in inner diameter), which can hold about 1 ml of culture media, was placed on the MEA as in the electrical characterization step. The dissociated cells were seeded on an MEA at a density of 800 cells mm −2 . The neuron culture was maintained in a 0.5% CO 2 and 37
• C incubator, and half of the media was replaced with L-glutamic-acid-free media every 3 days.
Recording and stimulation
The electrical signal from the MEA was recorded using an MEA 1060 amplifier (gain: 1200, bandwidth: 10 Hz-5 kHz, Multi Channel Systems, Germany). During the recording process, the MEA was heated from the bottom and maintained at 37
• C by a TC02 temperature controller (Multi Channel Systems, Germany). All signal processing and recording procedures were performed using MC Rack (Multi Channel Systems, Germany) software. Recorded data streams were filtered with a 200 Hz digital high-pass filter and significant action potential spikes (neuronal spikes) were recognized when the filtered signal exceeded six times the standard deviation of the background noise. Neural signals from the neuronal network on the MEA were recorded after 16 days in vitro. An electrical stimulus was given to the MEA using an STG 1004 stimulator (Multi Channel Systems, Germany). A stimulus voltage waveform is a negative-positive biphasic pulse that is 100-700 mV and 200 μs in length. After the voltage stimulus was applied to the MEA, responsive neural signals evoked by the stimulus were recorded through the other nanoflake electrodes, which were not the electrodes stimulated by the voltage on the aforementioned MEA.
Results and discussion
The entire chip configuration and fabricated MEA are shown in figure 1 . A total of 59 working electrodes and one ground electrode, all made of gold, are located in the center region of the 49 mm × 49 mm MEA chip. For a range of uses with various types of live cells, the working electrodes are designed to have different diameters (5, 10, 30 and 50 μm) for each quadrant ( figure 1(b) ). The bare gold electrodes of the prepared MEA chips were modified with nanoflakes by electrochemical deposition (detailed explanations are described in section 2). Figures 2(a) and (b) depict optical and SEM images, respectively, of the nanoflake-modified electrode from a topview perspective. Nanoflakes were selectively synthesized on the exposed bare gold electrode. Figures 2(c) and (d) show the unique characteristics of the nanoflake multi-crystallized 3D structure. The resulting sharp tips and valleys can increase the effective surface area and surface roughness and can favor the promotion of neural adhesion and immobilization on the electrode surface [26] .
During the electrochemical deposition of nanoflakes, the applied voltage was a crucial parameter. As mentioned earlier, the effect of the voltage on the geometrical property was investigated by the authors in a previous study. That study showed that an applied voltage within the range of 0.3-0.4 V resulted in stable and reliable nanoflake structures [25] . In addition, we further explored three different voltage conditions (0.3, 0.35, 0.4 V) to find optimal conditions for neural electrode design. SEM images and impedance data were analyzed and compared between these conditions. As shown in figure 3 , structural variation occurred as the applied voltage increased. While electrodeposition at 0.3 V showed homogeneous geometry, this same procedure at 0.4 V resulted in a heterogeneous structure of nanoflakes and localized nanoclusters. This nanostructure nonhomogeneity might cause reliability and uniformity problems in the large-scale surface modification process. The reliability problem can also be observed in the measured impedance data in figure 3(d) . As the applied voltage increased from 0.3 to 0.4 V, the overall impedance was reduced from 22.58 to 8.72 k due to the continued expansion of the surface area of the localized nanoclusters. However, the standard deviation of the impedance also increased from 5.97% to 18.4% in the statistical analysis of 10 electrodes in each voltage condition, which indicates that, while a higher voltage may provide lower impedance, it degrades electrode reliability. Moreover, the localized nanoclusters tend to be poorly attached to the electrode surface. In terms of long-term experiments, such as neuron cell culturing or electrode implantation, the weak adhesion of the localized nanoclusters can make the electrodes of the MEA unstable. According to these results, the 0.35 V condition was used here for the MEA surface modification as a compromise among the three characteristics of impedance, reliability and stability of the electrode. In the case of 0.35 V, the nanoflakes showed high mechanical stability during a surface cleaning sonication process and during long-term cell culture experiments lasting a month. In a detaching test with adhesion testing tape, additionally, the mechanical stability was verified despite its complex three-dimensional structure (data not shown here).
A quantitative analysis of the increase of the surface area due to the nanoflake modification method was performed using an electrochemical method. Using the fabricated electrode as a working electrode in a three-electrode system, cyclic voltammetric (CV) curves were measured before and after the surface modification with nanoflakes. The double-layer capacitance (C dl ) was calculated from an analysis of the CV curve with the following equation:
where i and S R are the steady-state current and voltage scan rate of the CV curve, respectively. It is also possible to estimate the change in surface area from the change of C dl because the capacitance is directly proportional to the surface area [27] . Figure 4 shows the enhanced charge capacity of the working electrode after the nanoflake modification process. The calculated C dl values of the initial and modified electrodes were 1.08 nF (1.59 μF mm −2 ) and 18.8 nF (26.7 μF mm −2 ) for a 30 μm electrode, respectively. The C dl value of the nanoflake-modified electrode was 17.4 times higher than that of the bare gold electrode, which indicates an increase in the effective surface area of the modified electrode.
In order to investigate the impedance change of a nanoflake-modified electrode, the AC (alternating current) impedance was analyzed in the frequency domain over the range of 200 Hz-100 kHz, and the overall magnitude of the impedance was reduced after surface modification of the working electrode. Figure 5 shows the frequency response of flat and nanoflake-modified working electrodes that are 30 μm in diameter. At a specific frequency of 1 kHz, the magnitude of the electrode with a diameter of 30 μm dropped from 1.15 M to 26.7 k . This implies that the neural recording SNR can be enhanced about seven times by reducing the thermal noise originating from the electrode impedance. The unique geometrical properties of strong roughness and a multi-crystalline structure provided a dramatic degree of impedance reduction with the large surface area along with the crystalline heterogeneity effect [28] . The phase spectrum shifts from near −90
• to near 0 • ( figure 5(b) ). This implies that the overall characteristics of the electrode-electrolyte interface become more 'resistive' than 'capacitive,' and the increase of the double-layer capacitance is directly related to this change. a mean ± SD, n = 14, f = 1 kHz. Figure 5(c) describes the equivalent circuit model of the electrolyte-electrode interface. R s is the solution resistance of the electrolyte, R ct is the charge transfer resistance of the interface and C dl is the double-layer capacitance. In the modified electrode, an R s value of 6 k can be calculated using the equation R s = ρ/4r , in which ρ is the resistivity of the electrolyte (72 cm for phosphate buffered saline (PBS) 1×) and r is the radius of the electrode (30 μm) [29] . For a simple analysis, R ct is typically ignored due to its relatively high resistance of a few G per microelectrode [29, 30] . Thus, the total impedance of the electrolyte-electrode interface can be described by the embedded equation in figure 5(c) , where f is the test frequency. According to the equation, the overall magnitude of impedance is dominated by the relatively high value of C dl ; it decreases as the frequency increases in the low-frequency region. In the high-frequency region, however, C dl is no longer the dominant factor and R s begins to dominate the electrode-electrolyte interfacial impedance, which has a constant value over the high-frequency range. In fact, the magnitude value of the nanoflake-modified electrode at 100 kHz is 8.59 k , which is close to the value of R s . Table 1 summarizes the AC impedance change before and after the nanoflake modification. For all sizes of electrodes, the magnitude of the AC impedance was reduced by factors ranging from 35.4 to 57.9. As the electrode size decreased, the reduction factor increased because the nanoflake modification method creates a three-dimensional hemispheric geometry on the edge of the electrode, as shown in figure 2(c) . This curved geometry at the edge provides a larger space for nanoflakes to be grown compared to the planar center part of a modified electrode (figure 6). In a large electrode, however, the overall cross-sectional view of the nanoflake-modified electrode was flat due to the relatively negligible portion of the curved edges. The large proportion of the curved part in a small electrode leads to a higher increase of the surface area. This implies that the reduction ratio of the impedance tends to increase as the electrode size decreases in the nanoflake modification process.
In an effort to verify the effect of the reduced impedance and enhanced surface area on a neural recording process, the performance of nanoflake-modified electrodes as a neural interface was tested with cultured hippocampal neurons. Hippocampal neurons formed dense neuronal networks on our MEA chip. Figure 7 shows a focused SEM image of a single neuron in contact with the nanoflake electrodes after 16 days in vitro and an optical image of cultured neuronal networks on an MEA chip. Cultured neurons were kept healthy for a month, which confirms the good biocompatibility and chemical stability of modified gold nanoflakes and the related fabrication processes for in vitro neural interfaces. shows selected recording signals extracted from four channels of the MEA (channels 16, 22, 26 and 55). These synchronized spikes imply that neural cells interact with adjacent cells through a well-established network, as shown in figure 7(b) . The recorded signals had various peak amplitudes, ranging from 100 to 300 μV p−p , and the typical noise level was close to 3.5 μV rms , resulting in an estimated SNR of 10-30. Therefore, action potential peaks are clearly distinguished from noise in any of the tested conditions, proving that the fabricated MEA can extract the neuron signals successfully. In terms of the peak amplitudes and noise level, the recording performances in this case are comparable to those of previous reports, which showed action potential values in the range of 100-500 μV p−p and noise level values of 3-5 μV rms [9, 31, 32] .
Additionally, neurons were stimulated by electrical pulses through the nanoflake MEA. A test voltage stimulus was applied to the nanoflake electrode (channel 48) and the responsive neural signals were measured.
In order to investigate the threshold voltage of the stimulation, various amplitudes of the input pulse were applied with biphasic voltage pulses (pulse width was 200 μs per each phase). Extracted stimulation data were averaged with 10 sweeps of the measured signal to eliminate randomly generated action potentials that did not originate from the input stimulus. The lowest potential, at an electrical pulse of 100 mV, was not enough to trigger the neural signal. Above 300 mV, however, responsive neural signals triggered by the stimulus were subsequently detected through other electrodes with delays of several milliseconds, as shown in figure 8(b) . The current applied to the working electrode was equivalent to 5.35 μA for a 300 mV stimulus. This result indicates that the nanoflake electrode enables the stimulation of neurons cultured on nanoflakes electrodes with a lower stimulus voltage level compared to the typical levels (800 mV, 50 μA) in other reports [4, 8, 11, 31] .
Conclusions
A surface modification method to improve the neural recording ability of conventional MEA devices is presented in this study. The structural, electrochemical and electrical properties of the surface modification process for flake nanostructured MEA working electrodes were investigated via visual inspection, cyclic voltammetry and frequency spectroscopy, respectively. This investigation reveals the large surface area, reduced impedance and signal extraction ability of the proposed nanoflake structure. The relatively large surface area of the nanoflakes compared to a planar electrode structure can drive the miniaturization of the electrode to realize high-resolution signal recording. The simple synthesizing method of the nanoflakes provides the possibility of commercializing novel MEA chips at the mass production level. Moreover, the surface modification process meets a range of demands because it is possible to control the morphology of the nanoflake through the synthesis parameters (the applied voltage, the gold ion concentration and the synthesis time). According to these advantages, the nanoflake modification method can be expanded further to design implantable devices used for brainmachine interface systems [33] or clinical neuromodulation processes, such as deep brain stimulation [34] .
